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Using ab initio methods based on the density functional theory we show that rotated graphene bilayers at angles different from the magic ones can have an electronic spectrum similar to those by applying moderate external pressures. We find that for an angle of 5.08
• and a pressure of 2.19 GPa the spin restricted spectrum displays a flat band at the Fermi level similar to the one found at magic angles. In addition, the spin unrestricted calculations show a correlated ferromagnetic ground state with a total magnetic moment of 3.7 µB per unit cell being mostly localized in the AA stacking region of the Moiré pattern. The possibility of antiferromagnetic order is considered but not calculated. Doping the system destroys the magnetic moments. The plausibility of BCS superconductivity in the doped system is analyzed. The search of magnetism in graphene in its different forms has been the subject of intense effort in the last years. Based on Liebs's theorem [1] it is generally accepted that point defects induce localized magnetic moments in graphene [2] [3] [4] [5] [6] [7] . Most attempts have been focused on single vacancies and atomic chemisorbed hydrogen. Magnetic moments induced by atomic hydrogen chemisorption in graphene has been well established [8] although the case of a single vacancy and other impurity is still an open question [9] [10] [11] . However, very recently, the work of Cao et al. [12] has open a new path to induce magnetism in defect free graphene systems. In their work they find the presence of magnetic correlations in rotated graphene bilayers for the so called magic angles. Even more, Cao et al. [13] find superconductivity with a critical temperature of 1.7K in doped samples for a rotated angle of 1.1
• .
In this work, following the ideas of Cao et al. [12, 13] we study the possibility of magnetic moments in rotated bilayers under pressure for small angles far for the magic ones. It has been shown recently [14] that small pressure can alleviate the stringent critical angle criteria. The efect of pressure on non twisted bilayers has also being studied recently [15] . In this work we show that even for angles as large as 5.08
• and applying pressures of the order of two GPa the eigenvalues spectrum displays a flat band at the Fermi level and consequently magnetic correlations can take place.
In order to study the geometrical and electronic structure of the different rotated graphene bilayers we use a first principles density functional [16, 17] calculations using the SIESTA code [18, 19] which uses localized orbitals as basis functions [20] . Most of the calculations are done using a double ζ basis set, non-local norm conserving pseudopotentials and, for the exchange correlation functional, we use the generalized gradient approximation (GGA) [21] including van der Waals interaction with the functional developed by Berland and Hyldgaard [22] in the way implemented by Román-Pérez and Soler [23] . The results are checked with other functionals [24] finding that the results are essentially independent of the functional considered. The calculations are performed with stringent criteria in the electronic structure convergence; down to 10 −5 in the density matrix, 2D Brillouin zone sampling (up to 900 k-points), real space grid (energy cut-off of 400 Ryd) and equilibrium geometry (residual forces lower than 3 × 10 −2 eV/Å). Due to the rapid variation of the density of states at the Fermi level, we used a polynomial smearing method [25] . In Figure 1 we show the results of a model using a single ζ basis for two flat graphene layers rotated 3.89
• and at a distance of 3.2Å as well as the results for the two layers being far apart. The main effect of the interaction between the layers is to open gaps of the degenerate bands at the point M of the Brillouin zone above and below the Dirac point as it is well known [26, 27] . Look-ing at this figure it is clear that there are two ways to merge the two empty and occupied van Hove logarithmic singularities in one single peak at the Dirac point; on one side by making the rotated angle smaller the saddle points get closer to the Dirac point and, at the magic angles, they merge in one single peak with the corresponding flat band. On the other side, for a given angle, bringing the graphene layers closer (by applying pressure, for instance) the interaction between the layers is larger (the so called t θ parameter [28] ) opening larger gaps and therefore bringing the saddle points to the Dirac point.
We have then calculated the electronic structure and geometrical equilibrium configuration for two graphene layers rotated 5.08
• . In this case we use an optimized double ζ basis and the van der Waals functional of Berland and Hyldgaard [22] . The calculation entails a unit cell of 508 atoms in the limit of the capacities of the SIESTA code in its present form. This angle of 5.08
• corresponds to a 6 7 unit cell in the notation of Laissardiere et al. [29] ; namely callying a 1 and a 2 the primitive lattice vectors, the new ones for the (n m) unit cell are: t = n a 1 + m a 2 and t = −m a 1 + (n + m) a 2 . The rotation angle is then given by cosθ = n 2 +4nm+m 2 2(n 2 +nm+m 2 ) . The calculations were performed for various different separation between the layers. In Figure 2 we show the results for 0.0, 0.4 and 0.8Å compression with respect to the equilibrium geometry which correspond to external pressures of 0.0, 0.43 and 2.19 GPa respectively. In this case the calculations are spin-restricted with the constraint of equal population of spin up and spin down population. The calculations are such that, for the zero pressure case, the full geometry is relaxed to residual forces lower than 2 × 10 −2 eV/Å. For non zero pressures the layers are rigidity shifted without any further relaxation. The corresponding pressure is calculated afterwards. The shown results are essentially independent of the functional used as well as the relaxation within the layers [24] .
The results of Figure 2 are remarkably similar to those of magical angles. The advantage in this case, in terms of computational effort, is that a much smaller unit cell is required and, in addition, the external parameter pressure is more easily tuned than the angle between the layers.
The results of this figure shows how decreasing the distance between the layers and therefore increasing the external pressure increases the gap that gives rise to the van Hove logarithmic singularities. These singularities become sharper and eventually collapse in in one degenerated band and a very sharp peak in the density of states. The peak is similar to the one obtained by bringing the angle to a magic one. It would be interesting to study how the Fermi surface varies with the pressure, this is beyond the scope of the present work but it will be considered in the future. At this point it is interesting to study the stability of the system with respect to broken symmetries in particular to the spin one. We have therefore done a spin unrestricted calculation for the pressure of 2.19 Gpa. For other pressures shown we indeed do not expect any magnetic instability. The results of the band structure and density of states are shown in Figure 3 . We immediately see the spin up spin-down bands splitting. The total magnetic moment is 3.7 µ B close to the nominal value of 4 µ B corresponding to degenerate flat bands. It is interesting to study how these 3.7 µ B are distributed in the Moiré pattern. In Figure 4 we show, in units of µ B , the magnetic moment at one layer of the compressed 6 7 bilayer (for the other layer the results are indeed similar). We observe that the magnetic moment appears mainly in the AA stacking region, whereas in the rest of the layer the magnetic moment is very small. This is not surprising since the states associated to the flat bands are mainly localized at this region [24] as discussed in detail by Laissardiere et al. [29] using a tight binding Hamiltonian and by Lopes dos Santos et al. [30, 31] within the continuum model. It is worth to comment that in the AB stacking zone the magnetic configuration is antiferromagnetic. This could be an indication that the magnetic configuration of second neighbor AA zones could be antiferromagnetic maintaining the size of the moments in each AA stacking region. We cannot check this point for the time being since it would require a four times larger unit cell of 2032 atoms which exceeds the capacity of our code.
The recent experiments of Cao et al. [12, 13] indicate a very rich phase diagram when dealing with doped samples. We have therefore studied how magnetism is affected by the presence of extra electrons or holes. In Figure 5 we show how magnetism disappears upon hole doping. We show the spin resolved densities of states for 0 to 3 extra holes. Magnetism completely vanishes when adding three holes while displaying a very high density of states at the Fermi level due to the narrowness of the peak. At this point we can speculate with the possibility of BCS superconductivity in doped samples with a high density of states at the Fermi level, namely at the paramagnetic flat band (like for the case Q=3 in Figure   Magnetic 5 ). We, following the works of An and Pickett [32] and Boeri et al. [33] for MgB 2 and doped diamond, have estimated the deformation potential associated to the flat band in the presence of a inter-layer breathing phonon mode. We have calculated the phonon frequency of this mode for the 0 pressure case to be 110 cm −1 close to the experimental value [34] and to the value of the AB structure. One rough way to estimate the electron phonon interaction λ by λ = N (E F )
M ω 2 where D is the deformation potential. We find a density of state at the Fermi level of N=0.47 states/eV/f.u. The deformation potential can be estimated by means of the variation of the energy position of the van Hove logarithmic peaks with the amplitude of the mode. D = ∆E ∆u where E is the energy of the logarithmic peak and u is the phonon amplitude. We find for the deformation potential a value of the order of 0.6 eV/Å. Putting all these numbers together we end up with a value for the electron-phonon interaction parameter λ=0.057. This value is compatible with a non-zero transition temperature. The result suggests that it is worth further investigation in this direction.
In summary, we have studied the appearance of magnetic moments in compressed rotated graphene bilayers. From our calculations we can conclude the following: i) For a given rotation angle between the layers, bringing the graphene layers closer with respect to the equilibrium distance, shifts the logarithmic van Hove singularities towards the Dirac point eventually merging in one single peak.
ii) For a given distance between the layers equivalent to a 2.19 GPa pressure for layers rotated 5.08
• , the system becomes magnetic with a magnetic moment close to 4 µ B per unit cell in the Moiré.
iii) The magnetic moments are mainly localized at the AA stacking zones. This could be anticipated since states associated to the flat bands are localized in these zones. iv) The possibility of antiferromagnetic order as well as conventional superconductivity in doped samples is only suggested in our calculations and deserves further research.
v) No evidence of either charge or spin density waves is found.
